We report the characterization of BopE, a type III secreted protein that is encoded adjacent to the Burkholderia pseudomallei bsa locus and is homologous to Salmonella enterica SopE/SopE2. Inactivation of bopE impaired bacterial entry into HeLa cells, indicating that BopE facilitates invasion. Consistent with this notion, BopE expressed in eukaryotic cells induced rearrangements in the subcortical actin cytoskeleton, and purified BopE exhibited guanine nucleotide exchange factor activity for Cdc42 and Rac1 in vitro.
Burkholderia pseudomallei is the etiological agent of melioidosis, a severe invasive infection of humans and animals that is endemic in subtropical areas (3, 6) . Melioidosis has a remarkable capacity for latency. Development of disease 26 years after geographical exposure has been reported (21) , and relapse is common even in patients treated with antibiotics (4). This is believed to result from the ability of B. pseudomallei to invade nonphagocytic host cells and to survive and replicate within phagocytes, where antibiotics may be less effective (14, 16, 25) . The mechanism by which B. pseudomallei enters epithelial cells is poorly understood.
We and others have identified a putative type III protein secretion apparatus in B. pseudomallei (Bsa) similar to the Salmonella enterica Inv/Spa/Prg and Shigella flexneri Ipa/Mxi/Spa systems (1, 26, 31) . Type III secretion systems are key virulence determinants of Salmonella, Shigella, and other gram-negative facultative intracellular pathogens and serve to inject bacterial proteins into target cells (reviewed in references 5, 10, 13, and 29). A subset of type III secretion system secreted proteins (translocators) is believed to interact with the eukaryotic cell membrane and mediate the delivery of secreted effector proteins. Once inside host cells the effector proteins subvert host cell processes to the benefit of the bacteria (reviewed in references 5 and 13).
Research in our laboratory and elsewhere has identified a number of Salmonella Inv/Spa/Prg secreted effector proteins (Sops) and shown that several of these are delivered into eukaryotic cells by mechanisms dependent on secreted translocator proteins (Sips) (11, 34, 35) . Mutations that disrupt the Inv/Spa/Prg apparatus and selected sip and sop genes inhibit bacterial invasion of epithelial cells and Salmonella-induced enteritis (reviewed in references 10, 33, and 36). Some Sop effector proteins possess eukaryote-like enzymatic activities. In particular, it has been shown that the SopE and SopE2 proteins promote bacterial invasion (2, 35) by acting as guanine nucleotide exchange factors (GEFs) for RhoGTPases that regulate the actin network (12, 27, 30) . SopE acts as a GEF for Cdc42, Rac1, and Rab5 (8, 9, 12, 23, 27) ; however, SopE2 efficiently activates Cdc42 but not Rac1 (8, 30) , indicating that SopE and SopE2 may activate different signaling cascades during Salmonella infection. Mutation of Salmonella sopE and sopE2 reduces the induction of intestinal inflammatory and secretory responses in calves, suggesting that they play a role in Salmonella-induced enteritis (36, 37) .
Recently we reported that mutations affecting putative components of the B. pseudomallei Bsa secretion and translocation apparatus impair intracellular survival of B. pseudomallei in murine macrophage-like cells and prevent escape of the bacteria from endocytic vesicles (31). Here we have investigated the role of a putative Bsa-secreted protein (BopE) that shares homology with the Salmonella SopE/SopE2 proteins. BopE is 27% identical over 168 amino acids to SopE and 28% identical over 139 amino acids to SopE2.
BopE is secreted by the Bsa type III secretion apparatus. To study expression and secretion of BopE, a BopE-glutathione-S-transferase fusion protein was generated and polyclonal antiserum was raised against BopE in rabbits. A DNA fragment encoding the domain of BopE proposed to be required for GEF activity (amino acid residues 78 to 261) was amplified using the primers BopEGexBam (5Ј-CGGCAGCTATGGAT CCACGGGCGACGCGAAAC-3Ј) and BopEGexE1 (5Ј-CC ACGCTGAATTCTCACGCGCCGTCC-3Ј) and the product cloned into pGEX-2T (Amersham Biosciences, Little Chalfont, Buckinghamshire, England) via EcoRI and BamHI sites (underlined) in the primers. Following expression in Escherichia coli BL21(DE3) under isopropyl-␤-D-thiogalactoside induction, the fusion protein was purified using glutathione Sepharose 4B resin and BopE 78-261 released from glutathione-S-transferase by thrombin digestion. A 12-week-old New Zealand White rabbit was immunized subcutaneously four times at 2-week intervals with ca. 100 g of purified BopE 78-261 in Freund's incomplete adjuvant and serum collected 12 days after the final booster.
The BopE-specific antiserum was used to detect BopE in whole-cell and secreted protein fractions of B. pseudomallei strain 10276 and defined bsaZ, bipD, and bopE mutant strains described previously (31) . BsaZ and BipD are homologous to the Salmonella SpaS and SipD proteins involved in secretion and translocation of Sop proteins, respectively. Bacteria were grown to stationary phase in Luria-Bertani broth, and culture supernatants were passed through 0.22-m-pore-size filters prior to precipitation of secreted proteins with trichloroacetic acid (10% [vol/vol] ). Approximately 25 g of total protein (Fig.  1A) or secreted protein (Fig. 1B) was resolved by 4-to-15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to Immobilon-P membrane (Millipore, Bedford, Mass.). A 1:100 dilution of rabbit polyclonal antiserum to BopE 78-261 was used, and bound antibody was detected with an anti-rabbit alkaline phosphatase conjugate. As expected, BopE was detected in whole-cell extracts of all strains except the 10276 bopE mutant (Fig. 1A) . BopE secretion was dependent on the Bsa type III secretion apparatus, as no secretion was observed in a bsaZ mutant (Fig. 1B) . In contrast, BopE secretion was elevated in B. pseudomallei lacking the putative translocator BipD (Fig. 1B) . These data are consistent with the observation that Salmonella sip mutants secrete elevated levels of selected Sops (15, 35) . Thus, our data suggest that the B. pseudomallei Bsa type III secretion apparatus is functional and that BopE is type III secreted.
BopE facilitates invasion of nonphagocytic cells. B. pseudomallei can invade and survive within nonphagocytic cells (14, 16) . To assess the role of BopE in bacterial invasion, we quantified intracellular B. pseudomallei following infection of HeLa cells by strains 10276, 10276 bipD, and 10276 bopE by using a kanamycin protection assay. Previously we have been unable to detect significant invasion of HeLa cells by B. pseudomallei strain 10276 (31); however, we have found that invasion efficiency can be improved by centrifugation of the bacteria onto cell monolayers at 300 ϫ g at the onset of infection. HeLa cells maintained in RPMI 1640 containing 10% (vol/vol) fetal calf serum were infected at a multiplicity of 10 with B. pseudomallei strains grown to stationary phase in Luria-Bertani broth at 37°C in a humidified 5% CO 2 atmosphere. One hour after bacterial inoculation, monolayers were washed three times and overlaid with medium containing kanamycin (250 g/ml) to kill extracellular bacteria. After 6 h viable intracellular bacteria were released by gentle lysis using 0.1% Triton X-100 and enumerated by plating of serial dilutions. We detected a statistically significant reduction in invasion of HeLa cells by the 10276 bopE mutant compared to that of the wild type (P ϭ 0.0464) (Fig. 2) , indicating that BopE, like Salmonella SopE/ SopE2, facilitates bacterial invasion of nonphagocytic cells. SopE acts in concert with other type III secreted proteins to promote Salmonella invasion (38) . Recently it was reported that the effector protein SopB, which possesses phosphatidylinositol phosphatase activity, influences Salmonella invasion (24, 39) . It is likely that other type III secreted proteins influence invasion of nonphagocytic cells by B. pseudomallei. Consistent with this hypothesis we detected a highly significant reduction in invasion of HeLa cells by the 10276 bipD mutant (P ϭ 0.0058). B. pseudomallei is a Centers for Disease Control and Prevention category B critical biological agent, and we were unable to trans-complement the bopE mutation owing to restrictions on genetic modification of the organism. BopE expressed in eukaryotic cells induces rearrangements in the subcortical actin cytoskeleton. To assess the activity of BopE in eukaryotic cells, we amplified the entire coding sequence of bopE using the primers BopEpRKBam (5Ј-CTCG GATCCATGACTTACAACCCGAGAATCGGCGG-3Ј) and BopEpRKE1 (5Ј-CTCGAATTCTCACGCGCCGTCCGCCG CGTTCGTCGC-3Ј) and cloned the product into pRK5myc (17) via EcoRI and BamHI (underlined) sites. This created a BopE fusion protein with a myc tag at the N terminus. As a control the Salmonella enterica serovar Typhimurium sopE gene was cloned into pRK5myc in the same way using the primers SopEpRKBam (5Ј-CTCGGATCCGTGACAAAAAT AACTTTATTTCC-3Ј) and SopEpRKE1 (5Ј-CTCGAATTCT CAGGGAGTGTTTTGGATATATT-3Ј). HeLa cells were transfected with pRK5myc-BopE or pRK5myc-SopE by using Lipofectamine (Invitrogen Life Technologies, Paisley, United Kingdom). Twenty-four hours after transfection, cells were stained for the presence of the myc-tagged protein with a mouse monoclonal myc-specific antibody (Invitrogen) detected with anti-mouse Alexa 488 conjugate (Molecular Probes, Leiden, The Netherlands). Filamentous actin was stained using tetramethyl rhodamine isothiocyanate-conjugated phalloidin and the cells were viewed using a Leica TCS NT confocal laser scanning microscope. In cells expressing the myc-tagged BopE and SopE proteins filamentous actin was abundant under the membrane and was associated with areas of "ruffling" (Fig. 3) , suggesting that the proteins interfere with actin dynamics in eukaryotic cells. Such rearrangements were not detected in nontransfected cells present in the same field. Some SopE and BopE appeared to colocalize with regions of intense F-actin staining in membrane ruffles (Fig. 3) .
BopE is a GEF. To determine if BopE possesses GEF activity, we employed fluorescence spectrometry using mGDPloaded Rac1 (Fig. 4A) or Cdc42 (Fig. 4B) as a substrate (8) . mGDP is a GDP derivative which is popular for kinetic studies because the fluorescence intensity of the mant moiety changes dramatically upon binding to GTPases. mGDP bound to Cdc42 has a fourfold-higher fluorescence intensity than unbound mGDP (20, 27, 28) . Generally, the presence of the fluorophore has little effect on the kinetic parameters of G nucleotide release or GTP hydrolysis (7, 18, 19, 20, 32) .
BopE 78-261 was expressed and purified as described above and mGDP-Rac1 or mGDP-Cdc42 was prepared as described previously (8, 9) . In the assay buffer (no EDTA or BopE) mGDP dissociation from Rac1 was very slow. In contrast, fast dissociation of the mGDP-Rac1 complex was observed in the presence of 25 nM BopE and even faster in the presence of 250 nM BopE (Fig. 4A ) (k obs ϭ 0.48 s Ϫ1 ). Similar observations were made using mGDP-Cdc42 as a substrate (Fig. 4B ). These data demonstrate that BopE is an efficient GEF for Cdc42 and Rac1. The observed G-nucleotide exchange rates are lower than those observed with SopE from Salmonella serovar Typhimurium (8) but range in the same order of magnitude.
Taken together our observations suggest that B. pseudomallei enters epithelial cells by a mechanism dependent at least in part upon the Bsa type III protein secretion apparatus and one of its secreted proteins, BopE. It is likely that BopE is translocated into the host cell cytosol, where it may promote membrane ruffling by acting as a GEF for Cdc42 and Rac1. In Salmonella several Inv/Spa/Prg-secreted proteins (SopE, SopE2, and SopB) act in concert to promote bacterial uptake by nonphagocytic cells (38, 39) , and Salmonella invasion probably evolved through the acquisition of new sequence elements (22) . Given that a B. pseudomallei bipD mutant was impaired in invasion of HeLa cells to a greater extent than a bopE mutant, it is likely that other Bsa-secreted proteins may be involved in bacterial uptake. We are investigating the role of other putative type III secreted proteins in the host-cell interactions of B. pseudomallei.
